1. Current-clamp recordings were made in whole-cell patch-clamp configuration from ninetyone granule cells in parasagittal cerebellar slices obtained from 21-to 31-day-old rats.
while NMDA receptor activation occurs during highfrequency stimulation (Collingridge, Herron & Lester, 1988b; Collingridge, 1992) . The role of NMDA receptors in synaptic transmission at low-frequency stimulation is controversial, depending on the neuron type and whether synaptic inhibition and extracellular Mg2+ are present (Collingridge, Herron & Lester, 1988a; Sutor & Hablitz, 1989; Lambert & Jones, 1990; Collingridge, 1992) . In cerebellar granule cells, NMDA receptor involvement is expected to be particularly marked, since NMDA currents slow down considerably during membrane depolarization (D'Angelo, Rossi & Taglietti, 1994b) , which may contribute to determining EPSP summation and neuronal firing during repetitive mossy fibre activity. Nevertheless, membrane potential changes induced by synaptic currents as well as the firing pattern of granule cells are still unknown, mainly because the tiny size of these neurons has, to date, precluded the use of conventional microelectrode techniques. In this study, we performed current-clamp recordings of granule cell activity in rat cerebellar slices using the whole-cell configuration of patch-clamp. We found that the NMDA conductance, owing to its complex voltage dependence, played a main role in determining both EPSP amplitude and time course at low frequency and EPSP summation and output spike frequency during repetitive mossy fibre activity.
METHODS
Whole-cell patch-clamp recordings were made from granule cells in the internal granular layer of rat cerebellar slices. Cerebellar slices were obtained from 21-to 31-day-old Wistar rats (day of birth = 1). Rats were anaesthetized with halothane (Aldrich) and killed by decapitation. The cerebellar vermis was isolated, glued to the stage of a vibroslicer (Campden Instruments, London) and rapidly immersed in oxygenated Krebs solution at 10 'C. Slices, 200-300 jum thick, were cut in the parasagittal plane and maintained at room temperature (19-21 'C) in oxygenated Krebs slolution for at least 30 min before being transferred to the recording chamber (D'Angelo et al. 1990 (D'Angelo et al. , 1993 .
Recording and analysis
Patch pipettes were pulled from thick-walled borosilicate glass capillaries (Hingelberg, Malsfeld, Germany) and had 8-12 M1Q resistance before seal formation. Electrical stimulation of afferent fibres was performed with a bipolar tungsten electrode (Clark Instruments, Pangbourne, UK) via a stimulus insulation unit. In some experiments, a second stimulating electrode was located at the edge of the molecular layer. Stimulating pulses lasting 100-200 /ts were usually delivered at 0'25 Hz. Pulse trains of variable frequency and duration were set using a Digitimer D100 logical unit. Tight-seal whole-cell recordings were performed conventionally (Edwards, Konnerth, Sakmann & Takahashi, 1989 ) using the 'blind patch' approach. Membrane current and voltage were recorded using an Axopatch-ID patch-clamp amplifier (Axon Instruments; output cut-off frequency = 10 kHz). Signals were simultaneously stored on a DAT recorder (Biologic DTR-1201;  (sampling frequency = 250 #s for current-clamp recordings, 10-50 us for voltage-clamp recordings). Acquisition and data analysis were done using pCLAMP (Axon Instruments) (Silver et al. 1992; D'Angelo et al. 1993) gave the following values (n = 79 for all measures): membrane input resistance Rm = 2-3 + 1 1 GL2, membrane input capacitance C_ = 3-1 + 1t5 pF, membrane time constant Tm = RmCm = 6-7 + 3'3 ms, decay time constant of the current transient Ts = 57'9 + 24 /is, series resistance R, = Is/Cm = 18-5 + 15'6 MQ.
In current-clamp mode, electrode capacitance compensation was critical in recording membrane voltage changes reliably (Fig. 1 Attenuation of a potential generated by mossy fibre synapses at the end of the dendrites and measured from the soma was Biologic, Claix, France) and fed to the mass memory of a PC (diameter = 6 ,sm) connected to four identical unbranched dendrites (diameter = 1 ,sm, length = 10 ,um) and an axon (diameter = 0 1 um). The procedure used is based on cable's equations and is formally similar to that reported by Mugnaini, Atluri & Houk (1974) . Computations were carried out using a specific axoplasmic resistance of 80 Q cm and a specific membrane resistance of either 1500 Qi cm2 or 15000 Q cm2 to simulate inward rectification. In the absence of synaptic inputs, soma-to-dendritic membrane potential ratios were 0-981 and 0'998, respectively. When an active load of 500 pS (which is a reasonable estimate of synaptic conductance; D 'Angelo et al. 1993 ) was applied to one to four dendrites, calculations yielded soma-to-dendritic membrane potential ratios of 0 977, 0-972, 0-967 and 0-962, respectively (Rm = 0 5 GQi), and 0 993, 0-988, 0-983 and 0-978, respectively (Rm = 5 GQ). Therefore, in current-clamp as well as in voltage-clamp conditions (Silver et al. 1992; D'Angelo et al. 1993) , the granule cells tend to behave like a single electrical compartment. Solutions and drugs Krebs solution for slice cutting and recovery contained (mM): NaCl, 120; KCl, 2; MgSO4.7H20, 12; NaHCO3, 26; KH2PO4, 12; CaCl2, 2; glucose, 11. This solution was equilibrated with 95 % 02 and 5 % CO2 (pH 7 4) and was perfused at a rate of 2-4 ml min-'. The recording chamber had a volume of 1P5 ml and was maintained at 30 + 1°C.
The intracellular solution contained (mM): potassium gluconate, 122; KCl, 4; NaCl, 4; MgCl2, 1; CaCl2, 002; BAPTA, 0-1; glucose, 15; ATP, 3; Hepes, 5; pH was adjusted to 7-2 with KOH. This solution buffered intracellular Ca2+ at 100 nm.
A D-2-amino-5-phosphonovaleric acid (APV), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 7-chlorokinurenic acid (7-Cl-Kyn) were obtained from Tocris Neuramin (Bristol, UK). Glycine, bicuculline and tetrodotoxin (TTX) were obtained from Sigma. The synthetic peptide wi-conotoxin (w)-CgTx) was obtained from Peninsula Laboratories (Belmont, CA, USA) and BAPTA tetrapotassium salt from Molecular Probes (Eugene, OR, USA). Drugs dissolved in extracellular Krebs solution were applied locally through a multi-barrelled pipette. Unless stated otherwise, all solutions perfused during recordings contained 10 M glycine and 10 uM bicuculline.
RESULTS
Whole-cell patch-clamp recordings were performed in ninety-one granule cells in cerebellar slices obtained from 21-to 31-day-old rats. In order to investigate the excitatory action of mossy fibres in isolation, all the experiments were performed with 10/uM bicuculline in recording solutions to block inhibitory synapses. In preliminary experiments EPSPs did not change significantly when a nominally glycine-free medium was exchanged with a medium containing 10,uM glycine.
Amplitude was +0-6 + 2-8 % and half-width (HW), -2 1 + 2 8 % of control (n = 6), suggesting that endogenous glycine saturated the NMDA receptor glycine-binding site (Mayer, Vyklicky & Clements, 1989 Thomson, 1989 Granule cell membrane properties were investigated by setting the membrane potential ('holding potential') at -70 mV with constant current injection. As shown in Fig. 2A (Wilson, 1992) . Inward rectification was similar before and after 5 /LM w-CgTx + 0 5 /TMTTX application (n = 3, Fig. 2A , inset), indicating that neither Ca2+ currents -whose mature form in granule cells is blocked by over 90% by wo-CgTx (Rossi, D'Angelo, Magistretti, Toselli & Taglietti, 1994 Bardoni & Belluzzi, 1993) . Spikes occurred in regular trains ( (Fig. 3B ). The average spike frequency measured over the entire current pulse was used to construct current-frequency plots, which could be fitted to a straight line (r > 0 9) with slopes ranging from 2 to 11 spikes (s pA)' (mean slope = 65 + 3'2 spikes (s pA)', x-axis intercept = 6-1 + 3-2 pA, n = 18). Spikes were blocked by 0 5 /LMTTX application (not shown).
Mossy fibre activation of granule cells Electrical stimulation of the axial fibre bundle containing afferent mossy fibres activated synaptic depolarizing potentials (Fig. 4A ). In these experiments, holding potential was maintained at between -60 and -80 mV.
The delay to onset of the EPSPs was 1P7 + 04 ms (n = 25), consistent with monosynaptic granule cell activation. At increasing stimulus intensities, EPSPs reached the threshold for action potential activation. Action potentials occurred usually as singlets, the timeto-peak (TITP) for the first spike being 4 + 1-6 ms (n = 11). Small changes in stimulus intensity made the EPSP jump between amplitude levels ( Fig. 4A and B), identification of which was usually facilitated by narrow amplitude variation within each level. Note in Fig. 4B that similar EPSP amplitude levels could be obtained at different experimental times, demonstrating the stability of recording and stimulation, and that occasional transitions occurred spontaneously between neighbouring levels maintaining the same stimulus intensity. Since each mossy fibre forms just one synapse with a cerebellar granule cell and each granule cell receives three to five mossy fibres (Ito, 1984) , transitions between levels could be explained by activation of a different number of individual mossy fibre synapses. Accordingly, from holding potentials between -60 and -80 mV, we could usually distinguish between two and four EPSP amplitude levels indicating activation of two to four synapses and the existence of an additional synapse was signalled by activation of action potentials at higher stimulus intensities, yielding a maximum number of active synapses between three and five (n = 35, Table 1 ). inputs. In some of these granule cells (GCs) activation of 3-5 mossy fibres activated an action potential (AP), as indicated in the rightmost column. Mean holding potential was -75 + 5 mV (n = 22).
the mossy fibre bundle, since conduction along terminal mossy fibre branches was slower than along proximal branches (Eccles et al. 1967 binding site (Henderson, Johnson & Asher, 1990) , reduced the amplitude and accelerated the decay phase of control EPSPs. It should be noted that application of 7-Cl-Kyn enhanced NMDA receptor block produced by APV (Fig. 5B) (Monaghan & Anderson, 1991) .
In the present experiments, control EPSP amplitude, TTP and HW were 14-4 + 2-1 mV, 10'8 + 2-8 ms and 49-3 + 21&2 ms, respectively (n = 9). After NMDA receptor block, amplitude, ITP and HW were reduced by 29, 22 and 13%, respectively. The remaining non-NMDA EPSP was readily blocked by CNQX at 10-20 FM (Fig. 5B) , indicating that APV and 7-Cl-Kyn coapplication produced a nearly complete block of the NMDA-receptors. Fig. 5A TEPsP (non-NMDA) was not significantly different from Toff (P < 0 001), while TEpSP (control) was significantly greater than the two other constants (P < 0t02). The NMDA component therefore significantly slowed down the EPSP decay phase, which conformed to passive charge distribution on the cell membrane after NMDA receptor block (Forsythe & Westbrook, 1988 (Spruston, Jaffe & Johnston, 1994) . In the non-NMDA EPSPs (Fig. 6B) , no significant TEpsp/1TP correlation was found (r = 0-01), suggesting either that et al. 1994b) , the NMDA EPSP rising and decaying phase slowed down at depolarized membrane potentials (right traces).
In Fig. 7B , the voltage dependences of peak amplitude, TTP and HW were compared in controls (filled circles), non-NMDA (open circles) and NMDA EPSPs (triangles). The NMDA component showed an evident increase and slowdown at holding potentials positive to -80 mV, contributing substantially to increasing EPSP peak amplitude and prolonging EPSP TTP and HW. The non-NMDA component also increased considerably due to inward rectification (cf. Fig. 2 ), but showed only modest HW and TTP prolongation. It should be noted that, at increasing membrane depolarization, NMDA's contribution to EPSP peak amplitude tended to vanish, since the NMDA EPSP peaked later than the non-NMDA EPSP, so that EPSP amplitude reflected quite closely the amplitude of the non-NMDA EPSP. The voltage dependence of the NMDA and non-NMDA components explained the transient amplitude increase in the EPSPs at holding potentials around -70 mV, as shown in Fig. 7B by the divergence of EPSP amplitude from reference lines passing through the ideal 0 mV reversal potential of the receptors. Similar results were observed in five other cells (mean TTP was 6-5 + 2-9, 7-2 + 2-6 and 8-6 + 3-9 ms at -80, -70 and -60 mV, respectively; mean HW was 29 + 18, 43 + 25 and 59 + 23 ms at -80, -70 and -60 mV, respectively).
In Fig. 7C we demonstrate that EPSP broadening at increasing stimulus intensity (upper-left traces) was caused by the NMDA EPSP slowing down (lower-left traces). This change in the NMDA EPSP was similar to that produced by a change in holding membrane potential while maintaining the EPSP amplitude constant (upperand lower-right traces). Therefore, as well as enhancing NMDA EPSP amplitude (see Fig. 5 (Eccles et al. 1967; Ito, 1984 (Fig. 8A) . Activation of stimulus trains was delayed until post-tetanic EPSP potentiation developing at the highest frequencies (50-100 Hz) had subsided (1-2 min). In order to prevent long-term changes in synaptic efficacy (Collingridge et al. 1988b; Collingridge, 1992) , trains at the highest frequencies were kept short (< 200 ms) and were not repeated more than 2-4 times in the same trial. In fact, single EPSPs recorded before and after each train set (Fig. 8B) (Fig. 8B ) markedly reduced both EPSP summation and action potential firing (Fig. 8A , bottom traces). EPSP summation during trains As shown in Fig. 9A , the dynamics of EPSP temporal summation was investigated by measuring membrane potential at the peak (filled circles) and the base (filled squares) of individual EPSPs. Both the peak and base of the EPSP increased during the train, while their difference, which is the amplitude of individual EPSPs, decreased (filled triangles). Two opposing processes, temporal summation and EPSP amplitude depression, therefore 408 E. D'Ange determined the extent of membrane depolarization during high-frequency synaptic transmission. Both temporal summation and EPSP amplitude depression increased the higher the input frequency, with a threshold at about 10 Hz (Fig. 9B, symbols as above) . Blocking the NMDA receptors caused a substantial reduction in base depolarization, while amplitudes of individual EPSPs and EPSP depression were much less affected ( Fig. 9A and B, open symbols) . It turns out that temporal summation was mainly determined by the The NMDA component showed a considerable increase during the train (Fig. 9A, crosses) . At the base of the fourth EPSP, the NMDA component was about 6 times as large at 100 Hz than at 20 Hz input frequency (Fig. 9B,  crosses) . Similar results were observed in all the eight cells covered in the analysis. The process of NMDA EPSP summation was further investigated. In Fig. 9C , Fig. 7 ) brought about a significant enhancement in EPSP temporal summation in high-frequency trains.
Input-output relationship in granule cells
The input-output relationship in a cerebellar granule cell in control conditions and after block of NMDA receptors is shown in Fig. 10A and similar plots were obtained from seven other cells. Making the holding membrane potential less negative shifted the input-output curves to the left and usually steepened them. At an input frequency of 50 Hz, mean output frequency was 25-5 + 8-2, 13-1 + 6 and 9-6 + 8-5 Hz at -60,-70 and -80 mV, respectively (n = 8). NMDA receptor block greatly reduced the probability of spike firing, shifting the input-output curves to the right and reducing their steepness (Fig. lOB) . At an input frequency of 50 Hz, mean output frequency after NMDA receptor block was 2-8 + 5 5, 0 and 0 Hz at -60, -70 and -80 mV, respectively (n = 8).
DISCUSSION
In this paper we investigated the excitatory action of mossy fibres on individual granule cells of the rat cerebellum in a slice preparation using current-clamp recordings in the whole-cell configuration of patch-clamp.
Although the whole-cell technique has been applied to investigate synaptic and voltage-dependent currents, knowledge of functional granule cell properties has relied to date on morphological evidence and extracellular recordings in vivo (Eccles et al. 1967; Ito, 1984 (Garthwaite & Brodbelt, 1989; D'Angelo et al. 1993; D'Angelo, Rossi, De Filippi, Magistretti & Taglietti, 1994a; Farrant, Feldmeyer, Takahashi & Cull-Candy, 1994) (Wilson, 1992) rather than activation of slow inward currents. This is in agreement with the absence of sizeable Ca2+ or Na+ currents at potentials lower than about -50 mV (Rossi et al. 1994; D'Angelo et al. 1994a ). These currents might generate inward rectification together with a reduction of input resistance. Unlike turtle cerebellar granule cells (Gabbiani, Midtgaard & Knoepfel, 1994) , no 'sag' in the hyperpolarizing direction or rebound depolarization/ hyperpolarization was observed (cf. Fig. 2A ). Granule cell inward rectification in the rat therefore seems to be different from that in turtle cerebellum. (Connors & Gutnick, 1990) Llano & Gershenfeld, 1993) and that the basic electrophysiological properties reported here were similar when unwanted changes of cytoplasmic composition were prevented by using the perforatedpatch technique (unpublished). Similar resting membrane potential (-62 vs. -58 mV) and firing properties were also observed in granule cells of the turtle cerebellum recorded by means of conventional microelectrode techniques (Gabbiani et at. 1994) . The mossy fibre-granule cell relay in a slice preparation EPSP activation was achieved by stimulating either the mossy fibre bundle or the edge of the molecular layer, in the latter case eliciting a sort of mossy fibre 'axon reflex' resembling that obtained by 'LOC' and transfolial stimulation in vivo (Eccles et at. 1967) . Antidromic stimulation could also elicit action potentials backpropagating along the granule cell axon.
As expected from the organization of the mossy fibregranule cell relay, EPSPs were built up by activating up to five independent mossy fibres (Ito, 1984) . Simultaneous activity in more than one or two mossy fibres was usually needed to induce one or a few granule cell action potentials. This finding, together with the observation that simultaneous activity in about fifty granule cells is needed to activate a Purkinje cell (Barbour, 1993) , indicates a numerical transfer of 100-150 mossy fibres (Purkinje cell)'. The effectiveness of the mossy fibre pathway may be slightly different in vivo depending on the higher temperature and on the presence of Golgi neuron inhibition (Midtgaard, 1992) . However, we note that in extracellular recordings from putative individual granule cells in vivo, the EPSP exhibited quite a large allor-nothing component before being endorsed by one or a few spikes at a higher stimulus intensity (cf. Fig. 77 in Eccles et al. 1967) , supporting the view that more than one synapse is needed both in vivo and in vitro to activate a granule cell. In the present recordings, granule cell action potentials were activated within 4 ms at 30 'C, a latency similar to the N2 wave latency measured at the same temperature in cerebellar slices (Garthwaite & Brodbelt, 1989) , but longer than the 2-3 ms measured at 37°C in vivo. The longer latencies of mossy fibre-activated action potentials, as well as the slower apparent conduction velocity along the granule cell axon (0-2 vs. 0 3 m s-1), may be due to the fact that the temperature maintained in the slice was lower than that in the in vivo preparations. EPSP amplitude Unitary granule cell EPSPs (1P14 + 2-1 mV) were 5 to 100 times larger in size than EPSPs generated in hippocampal, neocortical and spinal cord neurons (100 1sV to 2 mV: see Redman, 1990; Miles, Wong & Traub, 1991) .
Two structural factors related to the small neuronal size helped to generate large EPSPs in granule cells, whose synaptic currents (Silver et al. 1992; D'Angelo et al. 1993) are in the same amplitude range as in other neurons (e.g. Stern, Edwards & Sakmann, 1992) . First, granule cell input resistance is relatively higher than in other central neurons (cf. Spruston et al. 1994) , causing greater depolarization following synaptic current injection. Secondly, as suggested by the present results and mathematical modelling (Silver et al. 1992; D'Angelo et al. 1993; Rossi et al. 1994; Gabbiani et al. 1994) , electrotonic attenuation of EPSP transmission from synapses to soma is likely to be much smaller in granule cells than in greater neurons (Spruston et at. 1994) . Moreover, voltage-dependent activation of the NMDA conductance enhances membrane depolarization while inward rectification, by increasing membrane resistance, acts to counterbalance decreasing driving force and loss of electrotonic compactness during depolarization (Wilson, 1992) . These factors, by enhancing membrane depolarization and voltage transmission from synapses to soma, favour excitability, compensating for the small number of mossy fibres impinging on a granule cell. As proposed at other central synapses, little variability of granule cell EPSP amplitude at a given stimulus intensity may reflect little variability in the quantum content and/or in the quantum size (Redman, 1990 (Asher & Nowak, 1988) . Secondly, granule cell EPSPs showed a marked slowdown in rising and decay kinetics at depolarized membrane potentials, caused by a slowdown in the NMDA component (Keller, Konnerth & Yaari, 1991 (Monyer et al. 1992) . NMDA receptors with NR2C-like properties are expressed in mature cerebellar granule cells (Farrant et al. 1994) . The prominent role of the NMDA component in determining EPSP amplitude and kinetics can be better understood if we consider that it occurred at lowfrequency stimulation and in the presence of a physiological Mg2+ concentration. In comparable conditions a major contribution by the NMDA component has also been reported in hippocampal granule cells (Lambert & Jones, 1990) , whereas in hippocampal (Collingridge et at. 1988a ) and neocortical pyraimidal neurons (Sutor & Hablitz, 1989) (Keller et al. 1991) , but not in hippocampal pyramidal neurons (Hestrin, Nicoll, Perkel & Sah, 1990) . Different NMDA conductances and consequently EPSP properties, may depend on the region-specific expression of NMDA receptor subunits (Monaghan and Anderson, 1991; Monyer et al. 1992) (Trussel, Zhang & Raman, 1993) , as desensitization of the NMDA receptors is prevented by extracellular glycine (Mayer et al. 1989; Thomson, 1989) . It should be noted that depressed glutamate release would reduce activation of both non-NMDA and NMDA synaptic receptors. High-frequency activation of the NMDA component in cerebellar granule cells occurred at more negative membrane potentials and frequency dependence was 3-fold steeper than in hippocampal pyramidal cells (Collingridge et al. 1988b) , but this lower performance of the NMDA system in pyramidal neurons might be partly caused by the presence of inhibitory activity. Coding of high-frequency mossy fibre activity High-frequency stimulation (20-100 Hz) induced a repetitive discharge of action potentials similar to that evoked upon steady current injection at the granule cell soma. Our findings on EPSP summation and voltage dependence suggest that output frequency was mainly determined by the depolarizing effect of sustained NMDA receptor activation, since the NMDA relative to non-NMDA contribution was also conspicuous at the negative membrane potentials visited during spike after-hyperpolarization. Indeed, the block of NMDA receptors caused a dramatic reduction of the output frequency. In particular, synaptic integration was nearly abolished at input frequencies < 50 Hz, where output frequency decreased by > 90%. This finding appears to be of significance, since any modulation in the state of granule cell NMDA receptors would fine tune the efficacy of incoming mossy fibre volleys in the physiological frequency range (< 200 Hz; Kase, Miller & Noda, 1980) . Conclusions
The present investigation extends previous knowledge of the mossy fibre-granule cell relay function (Eccles et al. 1967; Ito, 1984) at the intracellular level, suggesting a crucial role for NMDA receptor activation in determining granule cell information transfer to the cerebellar cortex. The wide unitary EPSP amplitude, which is primarily determined by a high input resistance and compact electrotonic structure, is further enhanced by inward rectification and voltage-dependent increase in the NMDA EPSP component, enabling granule cells to fire action potentials following synchronous activity in just two to three mossy fibres synapses. It is suggested that the marked voltage dependence of the EPSP time course, which was mainly caused by voltage dependence in NMDA conductance, promotes the NMDA receptordependent enhancement of granule cell coding observed during repetitive mossy fibre activity. The functional implications of these findings may depend critically on inhibitory activity in the Golgi cell-granule cell loop (cf. Fig. 87 
